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When a self-localized quasiparticle excitation propagates along a discrete one dimensional lattice, it
becomes subject to a dissipation that converts the kinetic energy into lattice vibrations. Eventually
the kinetic energy does no longer enable the excitation to cross over the minimum energy barrier
between neighboring sites, and the excitation becomes localized within a lattice cell. In the case of a
protein, the lattice structure consists of the Cα backbone. The self-localized quasiparticle excitation
is the elemental building block of loops. It can be modeled by a kink which solves a variant of
the discrete non-linear Schro¨dinger equation (DNLS). We study the propagation of such a kink in
the case of protein G related albumin-binding domain, using the UNRES coarse-grained molecular
dynamics force field. We estimate the height of the energy barriers the kink needs to cross over,
in order to propagate along the backbone lattice. We analyse how these barriers gives rise to both
stresses and reliefs which control the kink movement. For this, we deform a natively folded protein
structure by parallel translating the kink along the backbone away from its native position. We
release the transposed kink, and we follow how it propagates along the backbone towards the native
location. We observe that the dissipative forces which are exerted on the kink by the various energy
barriers, have a pivotal role in determining how a protein folds towards its native state.
PACS numbers: 36.20.-r, 87.15.B-, 36.20.Ey
I. INTRODUCTION
The protein folding problem has been around for a
long time [1], with various incarnations [2–4]. Numer-
ous proposals have been presented, to explain how the
folding patterns emerge and advance. Examples include
nucleation-condensation [5], hydrophobic collapse [6] and
diffusion-collision controlled processes [7, 8]. More re-
cently, a kink-based approach has been proposed [9, 10]
and tested successfully using a coarse-grained force-field
[11, 12]. At the same time, protein misfolding continues
to be vigorously investigated [13]. A misfolded protein
can lead to serious complications, a misfolding transi-
tion is now widely accepted as the cause for diseases like
type-II diabetes, many forms of cancer, and dementia
including Alzheimer’s [14].
In the present article we investigate the phenomenon of
barrier penetration as an example of those physical mech-
anisms that contribute to protein folding and misfolding
transitions. For this we inquire what happens when a
protein loop fragment becomes displaced from its native
position. How does it find its way back to the native po-
sition? The understanding of the dynamical processes in-
volved should contribute to our comprehension of protein
folding, including the reasons why and how a misfolding
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transition takes place.
As a concrete example we consider an albumin-binding
domain which is related to the protein G. This is a fairly
generic α-helical protein, the native state involves three
helices which are separated by two short loops; we use
the Protein Data Bank (PDB) [15] entry code 1GAB. It
consists of 53 amino acids, the first loop is located be-
tween sites 19-24 and the second loop is located between
sites 33-37. The reason for choosing 1GAB as our con-
crete example is, that the UNRES force field, on which
our investigations are based, has been optimised for this
particular protein.
In our analysis of 1GAB we first follow [9, 10], to con-
clude that each of the two loops of 1GAB are modeled by
a single kink that solves a generalized discrete non-linear
Schro¨dinger equation [16–18]. We then parallel translate
the second loop in the PDB structure by five residues
towards the first loop, with no change in the remaining
residues. We release the loop so that it is free to move
along the backbone. This instigates a process where the
kink attempts to propagate back to its original posture.
Thus we have a prototype example of the Peierls-Nabarro
scenario where a coherent and self-localized quasiparticle
excitation propagates along a discrete one dimensional
lattice [19–21]. Now realised in the case of the protein
backbone.
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2FIG. 1: (Color online) Frenet frames along the Cα backbone
lattice.
II. METHODS
Our analysis is based on the United Residue (UNRES)
force field [22–29]. It is freely available at
http : //www.unres.pl (1)
UNRES is a carefully grafted coarse-grained force field
that can be utilized to simulate the time evolution of a
displaced kink along the protein backbone, in a highly
realistic manner. UNRES has a very strong predictive
power [30]. It has also been optimised to reproduce the
correct thermodynamic properties, in a scenario like the
one that will be studied here. Moreover, UNRES has
a proven track record of already successfully modelling
the kink formation in an α-helical protein [12], like the
one studied here. With the presently available computer
power, a coarse-grain force-field such as UNRES enables
us to produce numerous full-length trajectories to probe
the dynamical details in terms of a statistical analysis,
which we needed in particular when determining the tem-
perature dependence of the Peierls-Nabarro barrier.
A. Protein backbone geometry
We describe the skeletal Cα backbone lattice, using
the geometrically determined Frenet frames [31]. These
frames depends only on the position of the Cα carbons,
with coordinates ri where i = 1, ..., n labels the residues.
At a given residue, the orthonormal Frenet frame consists
of the backbone tangent (t), binormal (b), and normal
(n) vectors. These are defined by equations (2), (3), and
(4), respectively, and shown in figure 1.
ti =
ri+1 − ri
|ri+1 − ri| (2)
FIG. 2: (Color online) Definition of bond (θi) and torsion (γi)
angles, along the discrete Cα string.
bi =
ti−1 × ti
|ti−1 × ti| (3)
ni = bi × ti (4)
For trans-peptide groups the distance between the con-
secutive Cα atoms is close to the constant value
|ri+1 − ri| = ∆ ≈ 3.8A˚
Thus the backbone lattice becomes entirely described by
virtual-bond-valence angles θ and virtual-bond-dihedral
(torsion) angles γ; see figure 2.
θi+1,i ≡ θi = arccos(ti+1 · ti) (5)
γi+1,i ≡ γi = sgn[(bi × bi+1) · ti] arccos(bi+1 · bi) (6)
The frame vectors at site ri+1 are expressed in terms of
the frame vectors at site ri and the angles θ and γ using
a transfer matrix,ni+1bi+1
ti+1
 =
cos θ cos γ cos θ sin γ − sin θ− sin γ cos γ 0
sin θ cos γ sin θ sin γ cos θ

i+1,i
nibi
ti

(7)
The Cα lattice is constructed as follows,
rk =
k−1∑
i=0
|ri+1 − ri| · ti ≡ ∆
k−1∑
i=0
ti (8)
The normal and binormal vectors (ni,bi) are both ab-
sent in equation (8), only the tangent vector ti appears.
Therefore, if these two vectors are simultaneously ro-
tated around the vector ti, they continue to constitute
an equally good framing. In particular a frame rotation
by pi determines the discrete Z2 transformation
γi → γi − pi
θk → − θk for all k ≥ i (9)
that leaves (8) intact. This Z2 transformation has been
used extensively to analyze proteins [11, 12, 31–35] and
will also be used here.
3B. Kink and protein geometry
The virtual bond angles (5) and virtual torsion angles
(6) of the Cα backbone are mutually correlated, by the
atomic level interactions along the protein chain. We
may choose these angles as the order parameters, that
characterise the thermodynamical state of the protein in
terms of its geometric composition. In [9–11, 36, 37] it
has been shown that in the limit of slowly varying vari-
ables, the full all-atom thermodynamical free energy F
can be expanded in terms of these order parameters, in
the universal sense of Kadanoff and Wilson [38, 39], as
follows:
F = −
N−1∑
i=1
2 θi+1θi+
+
N∑
i=1
{
2θ2i +λ (θ
2
i −m2)2 +
q
2
θ2i γ
2
i − p γi +
r
2
γ2i
}
+ . . .
(10)
In equation (10) λ, q, p, r, and m depend on the atomic
level physical properties and the chemical microstructure
of the protein and its environment. In principle these
parameters can be computed from this knowledge.
The kink that constitutes the elemental building block
of a protein loop arises from (10) as follows: The angles
γi are first determined as functions of the angles θi,
γi[θ] =
u
1 + v θ2i
(11)
with u = p/r and v = q/r. The equation (11) is inserted
into equation (10), to eliminate the γi in favor of the θi.
This gives a set of equations (12) for the θi
θi+1 = 2θi − θi−1 + dV [θ]
dθ2i
θi (i = 1, ..., N) (12)
where θ0 = θN+1 = 0 and
V [θ] = − u
2r
2(1 + v θ2)
− 2λm2θ2 + λ θ4 (13)
Here we recognize the structure of a generalized discrete
non-linear Schro¨dinger (DNLS) equation [9, 10, 16–18]
In the case of proteins, u is small and λm2 > 0 so that
there are two local minima in V [θ], with θ = ±θ0 ≈
±m. The kink is a solution of (12), (11) that interpolates
between the two minima. The explicit form of the kink
is not known to us, in terms of elementary functions.
But it can be constructed numerically by following the
iterative procedure of ref. [10]. Note that a ground state
configuration where θi is constant with{
θi ≈ pi2
γi ≈ 1 (radians) (14)
describes a right-handed α-helix, while{
θi ≈ 1
γi ≈ ±pi (radians) (15)
FIG. 3: (Color online) (Left) The θ (blue) and γ (red) profile
of 1GAB, average over all NMR structures, after Z2 transfor-
mation. In (centre) and (right) we show the variations in θ
and γ profiles, respectively, over the different NMR structures
of 1GAB; colour intensity determines the value of the angle
in radians, according to the scale on top.
describes a β-strand. For a kink, the (θi, γi) profile in-
terpolates with these regular secondary structures.
For a given protein structure, we train the energy func-
tion (10) to describe the backbone geometry in terms of
a multi-kink solution of (12), (11). For this we use the
packages Propro and GaugeIT, described at
http : //www.folding− protein.org
In the case of 1GAB, we use the averaged NMR struc-
ture. In figures 3 we describe the profile of the second
loop along the 1GAB backbone, averaged over all NMR
structures in PDB. In the figure 3 (left) we have imple-
mented the Z2 transformation (9). It reveals that the
loop is a single kink, that appears as a domain wall be-
tween two α-helical structures.
C. The Peierls-Nabarro barrier
In a protein, a loop propagation instigates a structural
deformation. In crystallographic protein structures the
loops are located at definite positions along the backbone
chain. Thus, in the case of a static, crystallographic pro-
tein the translation invariance of the kink along the Cα
lattice is clearly broken. The breakdown of translation
invariance in the case of a lattice kink is in fact generic:
Whenever a self-localized quasiparticle excitation such as
a kink moves along the lattice, waves are emitted in its
wake as vibrations in the lattice structure. These waves
drain the kinetic energy of the quasiparticle excitation,
causing it to decelerate. Eventually the kinetic energy
becomes depleted to the extent that the excitation can
no longer cross over the energy barriers between lattice
cells, and instead it becomes localizes to a particular lat-
tice cell.
Normally, a localized quasiparticle excitation has only
two stationary positions relative to the lattice structure.
Moreover, in a simple model these energy extrema are
often positioned symmetrically, either at a lattice site or
half-way between two neighboring lattice sites. One of
4FIG. 4: (Color online) The protein G-related albumin-binding
domain (PDB code: 1GAB) native structure (A), structure
with shifted loop by five residues (B). The red fragment shows
where the two structures differ.
the stationary positions is a local minimum of the poten-
tial energy, while the other is a saddle point. The energy
difference between these two configurations determines
the basal kinetic energy that the quasiparticle excitation
needs, in order to translate itself from one lattice cell to
another. This minimum energy difference is called the
Peierls-Nabarro barrier (PNB) of the excitation [19–21].
D. Simulation details
We use the UNRES force field (1) in combination
with the Molecular Dynamics (MD) protocol described
in [40–42]. The initial condition for our simulations is
the PDB structure 1GAB, where we have parallel trans-
ported the second loop fragment Ala35-Val38 to the posi-
tion of Gln30-Gln33. Figure 4 compares the initial config-
uration with the crystallographic 1GAB structure. Note
that the (θi, γi) spectrum remains intact during the par-
allel transport, except for the uniform loop translation.
The ensuing Cα configuration is converted into an all-
atom structure using a combination of Pulchra [43] and
SCWRL4 [44]. Our choice to translate the loop fragment
by five residues follows from an inspection of the all-atom
steric hindrances that are incurred during the translation
process.
We have simulated a total of 704 canonical molecular
dynamics trajectories, at 11 different temperature values
from 270K to 320K by steps of 5K. Thus there are 64
trajectories, at each temperature value. Each trajectory
consists of 10 million iterations, with UNRES time step
value 4.89 fs. Since the very fast atomic level motions are
averaged by the UNRES force field, the corresponding in
vivo time is around ∼ 50 µs [28, 41, 42].
FIG. 5: (Color online) Schematic representation of the ηi an-
gle. The sphere represents the Cα atom and the vector points
toward the Cβ postition. The ith residue site is marked with
blue and the (i+ 1)st is marked with red.
E. Analysis details
During the simulations we monitor the evolution of the
(θi, γi) angles defined in (5) and (6), and the side-chain
Cβ–Cβ torsional angles which we denote by ηi (schemat-
ically shown in the Figure 5). For this, the Cβ positions
are calculated by converting the coarse-grained UNRES
trajectories into all-atom trajectories using an optimal
dipole aligment algorithm developed in [45, 46].
We choose the 10th residue along the 1GAB backbone
as a reference point: We have observed that it remain
highly inert throughout our simulations. In particular,
this residue does not seem to be affected by the kink
propagation which we instigate. Starting with this ref-
erence site, we combine the side-chain Cβ–Cβ torsional
angles ηi into the following accumulated total side-chain
torsion angle ηˆi,
ηˆi =
i∑
k=10
ηk (16)
During the simulations, we also monitor two quantitative
criteria to assess whether the displaced kink has reached
its native location. One of the criteria is the RMSD be-
tween the simulated structure and the PDB structure
1GAB. Following [47], we demand that for a native state,
the RMSD should be less than 4A˚. The second criteria is
based on the (θi, γi) profile of the kink, as shown in fig-
ures 3. We demand that at the end, the kink is located
within one lattice site from the native location between
Ala35-Val38.
Finally, to estimate the height of the Peierls-Nabarro
barrier, we evaluate the energy of the fragment Gln30-
Val38 using the UNRES energy function.
5FIG. 6: (Color online) Fraction of simulations in which kink
propagates to the native position, as a function of tempera-
ture. The red dots are the measured fraction, the blue line is
a gaussian fit.
III. RESULTS AND DISCUSSION
A. Multiple pathways
According to [47], when the 1GAB folding is simulated
at around 295K using UNRES force field with replica-
exchange molecular dynamics, over 90% of structures
reach the native state. However, in our UNRES simula-
tions, using canonical molecular dynamics and with our
initial condition where the second loop fragment has been
parallel translated by five residues towards the first and
then released at rest, we find that at 295K temperature
only around 25 per cent of structures reach the native
state. In figure 6 we show the probability for our initial
configuration to reach the native state, as a function of
temperature. The probability has a maximum at around
295K. We find that at low temperatures, well below 295
K, the Peierls-Nabarro energy barrier becomes too high
for the kink to leap over it, only by the thermally in-
duced kinetic energy. When the temperature increases
and the amplitude of thermal fluctuations in the kink
is larger, the barrier crossing becomes more and more
frequent. But when temperature reaches values which
are well above 295 K, the unfolding processes which are
driven by increased thermal fluctuations in the protein
lattice structure start becoming increasingly prominent
and eventually the protein unfolds.
We also find that at temperatures well below 295 K,
when the Peierls-Nabarro energy barrier becomes too
high for the kink to cross over, the most frequently oc-
curring pathway entails a disintegration of the kink; see
Figure 7. Along this pathway, the parallel transported
loop misfolds into a helical shape, and at the end we
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FIG. 7: (Color online) The changes of virtual valence angle θ
(left) and torsional angle γ (right), as a function of simulation
time and residue index during a process of kink disintegration.
FIG. 8: (Color online) The structure of missfolded 1GAB pro-
tein after kink dissolution. The red color denotes the initial
position of the parallel translated kink.
have a helix-bend-helix configuration akin the one shown
in figure 8. We find that the energy barrier for this tran-
sition is quite low, as shown in figure 9.
B. Kink propagation
It should be noted that in our simulations each trajec-
tory describes kink propagation in a somewhat different
manner, no two trajectories are fully identical. There are
also trajectories with kink-kink interactions. Only the
general aspects of the most commonly occurring path-
ways are detailed in the sequel.
The kink propagation commences with a process of
tension reduction: In the initial stage, the first and third
helix are aligned in parallel, next to each other. Interac-
tions between the ensuing side chains are present, causing
a tension which hinders the propagation of the parallel
transported kink. This tension becomes relaxed by a
deformation that orients the first and third helix perpen-
dicular to each other (see figure 10). This lowers the
Peierls-Nabarro barrier, enabling the kink to start prop-
agating.
Subsequently, we observe that the kink propagates
along the chain by reptation: There is an initial pro-
6FIG. 9: (Color online) The local energy change during kink
dissolution, evaluated over residues 29-40. The red line is
the moving average over 50 snapshots and the blue line is a
smoothed moving average.
FIG. 10: (Color online) The structure of 1GAB protein af-
ter the initial transition with tension reduction. Note that
the third helix becomes perpendicular to second helix which
reduces the height of the Peierls-Nabarro energy barrier.
longation of the kink structure, an example is shown in
figure 11. In this particular example the kink extends
from residue 30 to residues 36-38, during the UNRES
time period between ≈ 1000 and ≈ 3200. The prolon-
gated kink corresponds to an extended loop region, which
is shown in figure 12; we also note that the third helix
is perpendicular to both the first and the second helix.
This enhances the conformational flexibility of the loop
fragment which enables an increase in the accumulation
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FIG. 11: (Color online) The variations of θ (left) and γ (right),
as a function of time and residue index, during the kink propa-
gation towards the native position; the color-coding is defined
on top.
FIG. 12: (Color online) The structure of 1GAB protein when
the kink is prolongated.
of thermally induced kinetic energy, boosting the kink
to more easily cross over the energy barriers towards the
final position. In the final stage the third helix then re-
turns to a posture where it is (anti)parallel to the other
two helices, and the kink assumes its native location.
C. Side-chain motion
The kink propagation is strongly correlated with the
side-chain motions, as seen in the Frenet frames. For this,
we first analyze the Cβ–Cβ torsional angles ηi. The initial
values of these angles, for the parallel transported kink,
are shown in column A of figure 13. This figure shows
that the value of ηi along a helical structure is ηi ≈ 0.8
radians whereas along the kink the ηi deviate from this
7FIG. 13: (Color online) The times series (columns A-F) of η
angles (residues 30-38).
helical value. In figure 13 column B we observe how the
values of ηi remain largely intact during the initial phase,
that of tension reduction, when the relative positions of
the helices along the chain do not change.
During the second stage, that of reptation when the
kink becomes prolongated, corresponding to the columns
C and D in figure 13, the values of the ηi angle deviate
from the helical value η ≈ 0.8 radians, over an expanded
range. There is a clear counter-clockwise relative rotation
of the side-chains along the chain, correlating with the
prolongation of the reptating kink along the chain.
In the final stage, as the third helix assumes its
(anti)parallel orientation with the first and second he-
lices, the length of the reptating kink becomes contracted
into a region that extends over the residues 35-37 as the
kink moves to its native position. This can be seen in
column E and F of Figure 13.
Additional structure can be identified in terms of the
accumulated total torsion angles ηˆ, that we introduced
in equation (16): Unlike the Cβ–Cβ torsional angles ηi
which are defined locally, the total angles ηˆi contain both
local and global information. In figure 14 we show the
values of ηˆi that correspond to the values of ηi in figure
13.
FIG. 14: (Color online) The times series (A-F) of ηˆ angles
(residues 30-38).
For example, compare the first row (residue 30) in fig-
ures 13 and 14: In figure 13 there is no change, but in
colums A-C of row 1 in figure 14 we see a substantial
counter-clockwise rotation. Thus, we conclude that the
kink propagation correlates with a global helical counter-
clockwise rotation of the side-chains, that occurs prior to
the position of the propagating kink.
Note that in both figures 13 and 14 there is no relative
side-chain rotation visible between the two last columns.
The value of η36 (angle between reside 36 and 37) re-
mains essentially constant throughout our simulations.
This orientational locking of the two side-chains with
each other reflects a strong repelling interaction between
the two lysines which are located at sites 35 and 37. This
makes the two residues 36 and 37 to rotate in tandem.
D. Height of the Peierls-Nabarro barrier
We have monitored the change of local energy associ-
ated with the kink propagation; see figure 15. We ob-
serve that the difference in the energy which is localized
at the initial parallel transported kink, and the energy
which is localized at the final natively placed kink, is very
8FIG. 15: (Color online) The local energy changes during the
kink propagation, evaluated over the residues 29-40. The red
line represents the moving average over the 50 snapshots and
the blue line is a smoothed moving average.
small. Our estimate for the energy difference between the
two kinks is around 1-2 kcal/mol. However, the energy
barrier that the parallel transported kink needs to cross
over in order to reach is native location, is much higher.
From figure 15 we estimate that the height of the Peierls-
Nabarro barrier is around 4-6 kcal/mol. This estimate is
comparable, albeit sligtly lower than the result obtained
in [12]. It appears that the major contribution towards
the height of the barrier correlates with the elongation of
the kink, during reptation.
IV. SUMMARY
In this article we have analysed the propagation of a
kink along protein backbone. The process is much more
complex than a simple translation, it involves both lo-
cal and global deformations. In particular, the Peierls-
Nabarro barrier crossing involves a reptation-like move-
ment, with the kink propagating by a combination of
prolongations and contractions, and with a very sudden
character. We note that this is in line with the analysis
of soliton propagation along a cyclic molecular chain [48].
We have estimated the height of the ensuing Peierls-
Nabarro barrier to be around 4-6 kcal/mol, in the case of
the second loop of 1GAB. We observe that this is remark-
ably close to the energy gap in ATP to ADP hydrolysis
process.
It appears that the present study is the first to ad-
dress the relevance of Peiers-Nabarro barrier to protein
folding. Moreover, we have only considered a particular
example. However, most protein loops can be described
in terms of different parametrizations of the kink solution
which is supported by (12), (11). Thus we trust that the
phenomenon we have revealed is not limited to the spe-
cific example, but relates to a general mechanism how
proteins fold and unfold.
Finally, we note that for a detailed investigation of
loop propagation and the Peierls-Nabarro barrier, an all-
tom molecular dynamics simulation should be performed
for example along the lines of [49]. Such simulations, in
particular over extended temperature range as described
here remain highly time consuming, thus we postpone a
detailed all-atom investigation to a future article.
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